Abstract In spite of its well-documented anticancer chemopreventive and therapeutic activity, the clinical development of curcumin has been limited by its poor oral bioavailability. Curcumin has low aqueous solubility and undergoes extensive first pass metabolism following oral dosing. We hypothesized that oral bioavailability of curcumin can be enhanced by increasing its absorption and decreasing its metabolic clearance simultaneously. To test this hypothesis, we formulated curcumin with naturally occurring UGT inhibitors (piperine, quercetin, tangeretin, and silibinin) in a self-microemulsifying drug delivery system (SMEDDS). Mouse liver microsome studies showed that silibinin and quercetin inhibited curcumin glucuronidation effectively. When dosed orally in mice, the SMEDDS containing curcumin alone increased curcumin glucuronide concentrations in plasma without significantly affecting parent drug concentration. Of the four inhibitors examined in vivo, silibinin significantly improved the C max (0.15 vs. 0.03 μM for curcumin SMEDDS) and the overall bioavailability (3.5-fold vs. curcumin SMEDDS) of curcumin. Previous studies have shown that silibinin has anticancer activity as well. Thus, co-delivery of silibinin with curcumin in SMEDDS represents a novel and promising approach to improve curcumin bioavailability.
Introduction
Curcumin, a dietary polyphenol derived from turmeric, is a potent antioxidant and anti-inflammatory and has shown significant anticancer effects [1] [2] [3] [4] . The clinical potential of curcumin, however, has been limited due to its low bioavailability (<2 %) [5] [6] [7] . Low aqueous solubility and extensive hepatic and intestinal metabolism contributes to its poor absorption [8] [9] [10] . Curcumin undergoes extensive phase 1 and p h a s e 2 h e p a t i c m e t a b o l i s m . P r i m a r i l y, U D Pglucuronosyltransferase (UGT) and sulfotransferase (SULT) convert curcumin to its glucuronide and sulfate metabolites, respectively. Glucuronidation by UGT1A1, 1A8, and 1A10 accounts for the majority of curcumin metabolism [9, 11] . Thus, to improve the oral bioavailability of curcumin, both low solubility and high metabolic clearance must be overcome.
Several alternative drug delivery approaches have been explored to improve the bioavailability of curcumin [12] . Nanoparticle systems containing curcumin have the benefit of shielding curcumin from metabolizing enzymes, and can improve curcumin availability in tumors through passive and active targeting approaches. Implantable polymeric devices capable of sustaining curcumin plasma levels for at least 90 days have also been reported [13, 14] . We have previously developed an injectable polymeric microparticle formulation of curcumin, which sustained curcumin plasma concentrations for at least 1 month and resulted in significant inhibition of tumor growth in an orthotopic mouse model [15, 16] . While these approaches are highly promising, there are concerns regarding the acceptability of frequent injections for chronic disease prevention and the cost associated with clinic visits required for such administration [17] . Formulations that can be administered orally can circumvent these problems and are thus highly suitable for chronic chemoprevention.
Previous studies have shown that self-microemulsifying drug delivery systems (SMEDDS) can be used to increase the solubility and oral absorption of hydrophobic compounds [18] [19] [20] . SMEDDS are comprised of one or more surfactants dispersed in an oil phase. When added to an aqueous phase (either prior to dosing or in situ in the gut), a thermodynamically stable nanoemulsion is formed. Previous studies have shown that SMEDDSs can be used to dissolve high concentrations of curcumin (up to 50 mg/mL) [18, 21] , making them a promising formulation for the oral delivery of curcumin.
There have been very few previous attempts to decrease curcumin metabolism through adjuvant therapies. A study by Shoba et al. showed that administering piperine, an alkaloid found in black pepper, with curcumin improved curcumin bioavailability 2,000 % compared to curcumin alone [22] . However, this study did not firmly establish the mechanism of improved curcumin bioavailability with piperine. Several other natural compounds, particularly flavonoids such as silibinin, quercetin, and tangeretin, have been shown to inhibit UGT activity [23, 24] , and therefore would be beneficial adjuvant compounds. Additionally, these natural compounds have shown chemopreventive and chemotherapeutic activity against a variety of cancers [25, 26] providing further benefit from co-administration. Thus, flavonoids offer great potential as an adjuvant therapy to increase curcumin bioavailability and anticancer activity.
The goal of the current study was to evaluate the effect of co-delivering a natural inhibitor of curcumin metabolism using a SMEDDS formulation on the oral bioavailability of curcumin. In vitro hepatic microsomal assays were used to identify promising UGT inhibitors. The ability of these inhibitors to improve the oral bioavailability of curcumin was then investigated in vivo.
Materials and methods

Materials
Curcumin (>98 % curcuminoid content), piperine, silibinin, quercetin, epigallocatechin gallate (EGCG), uridine 5′-diphospho-glucuronic acid (UDPGA), alamethicin, Carbitol™, and dimethyl sulfoxide (DMSO) were purchased from Sigma (St. Louis, MO). Tangeretin was generously provided by the Florida Department of Citrus. Cremophor® EL was from BASF (Florham Park, NJ). Captex® 355 was from Abitec Corp (Columbus, OH). Acetonitrile was purchased from Fisher Scientific (Pittsburg, PA). CD-1 female pooled mouse liver microsomes were purchased from BD Biosciences (San Jose, CA).
Microsomal studies
Curcumin and a selected inhibitor (piperine, silibinin, quercetin, EGCG, tangeretin, or salicylic acid) were first dissolved in DMSO. This solution was then added to Tris buffer (10 mM, pH 7.1) containing 5 mM magnesium chloride, 5 μg alamethicin, and 100 μg/mL of microsomal protein. Final DMSO concentration was 2 % for all samples. Final volume of this reaction mix was 0.2 mL. Concentration of curcumin in the assay buffer was 1 μM, and was chosen based on reported K m values for UGT1A1 metabolism [27] . Samples were first incubated at 37°C for 2 min, followed by the addition of UDPGA (3 mM) to start the reaction. The reaction was stopped after 5 min by addition of ice-cold acetonitrile (3:1). Samples were refrigerated for 15 min and then centrifuged for 10 min at 14,000 rpm. Curcumin concentration in the supernatant was determined by HPLC.
SMEDDS
The SMEDDS used for all the studies consisted of Cremophor® EL, an FDA-approved excipient, and Carbitol™ (2:1 w/w), mixed with Captex® 355 (10:1 w/w, surfactants to oil). Equilibrium solubility of flavonoids in this formulation was determined by adding excess compound to the formulation and incubating at room temperature overnight with stirring. The saturated formulation was centrifuged at 14,000 rpm for 10 min. Supernatant was then diluted with methanol and analyzed by HPLC (see below). Particle size distribution was determined using a Beckman Coulter Delsa Nano C Particle Analyzer (Brea, CA). SMEDDSs were diluted with distilled water (1:200v/v) prior to analysis.
Pharmacokinetic studies
All the animal studies were approved by the Institutional Animal Care and Use Committee of University of Minnesota.
Animals were housed in specific pathogen-free environment, with access to food and water ad libitum. Female BALB/c or CD-1 mice, 8-12 weeks of age, were dosed by oral gavage with curcumin suspension prepared in 1 % carboxymethylcellulose, curcumin solution (DMSO solubilized), curcumin SMEDDS, curcumin with piperine SMEDDS, curcumin with tangeretin SMEDDS, curcumin with quercetin SMEDDS, or curcumin with silibinin SMEDDS. All SMEDDS formulations were dosed in the oil phase, without prior addition of water. Curcumin, quercetin, and silibinin were dosed at 100 mg/kg for all the studies, while piperine was dosed at 125 mg/kg and tangeretin was dosed at 33 mg/kg. Mice were sacrificed at 0.5, 1, 2, 4, or 6 h post-dose. Blood was collected from the facial vein and/or by cardiac puncture into a heparinized tube (Terumo Capiject, Somerset, NJ) and then centrifuged at 20,000×g for 5 min to obtain plasma. Other tissues were collected in pre-weighed glass test tubes. Tissues and plasma were stored at −20°C until analysis. Noncompartmental analysis of the plasma concentrations was performed using Phoenix WinNonLin software version 1.2 (Pharsight, St. Louis, MO) to estimate area under the curve (AUC).
Curcumin extraction from plasma and tissue
Acetonitrile was added to thawed plasma (1:4v/v, plasma to acetonitrile) to precipitate proteins. Plasma samples were centrifuged at 20,000×g for 10 min, and the supernatant was used directly for HPLC analysis. Other tissues were weighed and homogenized in 4 mL distilled water using a hand-held homogenizer (Omni International, Kennesaw, GA) and then lyophilized for 48 h (Labconco, Kansas City, MO). Curcumin was extracted from dried tissues using acetonitrile for~18 h at room temperature on a rotary extractor. Tissues were centrifuged twice, first at 3,200×g and then at 20,000×g to rid samples of tissue debris. Final supernatant was used directly for HPLC analysis. Stability of curcumin during the extraction and the efficiency of extraction were determined by spiking tissues from untreated animals with 50 μg of curcumin dissolved in DMSO prior to lyophilizing, followed by extraction and analysis of curcumin as described above.
HPLC analysis
All HPLC analyses were performed using a Beckman Coulter HPLC system attached to UV-PDA and fluorescence (Jasco, Easton, MD) detectors. Sample injection volume was 50 μL for all analytes.
Curcumin and curcumin glucuronide The mobile phase consisted of acetonitrile and 10 mM ammonium acetate (65:35v/v) with a flow rate of 1 mL/min. Compounds were separated on a Scherzo SM C-18 (150×4.6 mm, 5 μm) column (Imtakt, Philadelphia, PA). Curcumin (retention time, 3.9 min) and curcumin glucuronide (retention time 6.6 min) were detected using a fluorescence detector (excitation 420 nm, emission 470 nm for both compounds). Total run time was 9 min.
Curcumin, tangeretin, and piperine The three compounds were separated on an Agilent Zorbax SB-C18 column (250× 4.6 mm; 5 μm, Santa Clara, CA), fitted with an Agilent Zorbax cartridge guard column (C-18, 12.5×4.6 mm). Mobile phase consisted of acetonitrile and 10 mM ammonium acetate buffer adjusted to pH 4 with glacial acetic acid (65:35), running at a flow rate of 1 mL/min. Curcumin (λ max = 430 nm) eluted at 4.9 min. Piperine (λ max =340 nm) eluted at 5.6 min. Tangeretin (λ max =280 nm) eluted at 6.7 min. Total run time was 9 min. Curcumin glucuronide co-eluted with the solvent front (1.6 min), making it difficult to accurately determine curcumin glucuronide concentrations in this assay. Incubation of plasma diluted with 50 mM phosphate buffer and 5,000 U β-glucuronidase (Sigma) confirmed the identity of this peak (data not shown). Linear standard plots were obtained over the range of 0.015-0.5 μg/mL with R 2 >0.99.
Curcumin and quercetin A gradient method was used to separate curcumin and quercetin (λ max =370 nm) using an Agilent Eclipse XBD-C18 (150×4.6 mm, 5 μm) column with an Agilent Zorbax cartridge guard column (C-18, 12. 
Statistical analysis
SigmaPlot software was used to test for the significance of differences using ANOVA followed by post hoc Newman Keuls testing, with p<0.05 being considered statistically significant.
Results
Microsomal studies
Flavonoids share chemical structure attributes with curcumin ( Fig. 1) , making them attractive candidates for competitively inhibiting curcumin metabolism. Mouse liver microsomal assays were carried out with a panel of naturally occurring compounds to identify molecules that have inhibitory effects on curcumin glucuronidation. Members of the panel were selected based on previously reported inhibitory activity on UGTs as well as anticancer activity. For example, piperine has been shown to increase curcumin bioavailability [22] and to modulate a variety of metabolic enzymes and cancer pathways [28] [29] [30] . Silibinin (derived from milk thistle) and quercetin (from fruit peels and onions) [23] have been shown to modulate UGT enzymatic activity and have anticancer effects [31, 32] . In our studies, tangeretin, quercetin, and silibinin showed significant inhibitory effects on curcumin metabolism (Fig. 2) . Inhibitor concentrations were limited to 10 μM to mimic concentrations achievable in vivo. Quercetin, silibinin, and tangeretin showed 20-30 % inhibition at the maximum concentration tested compared to blank controls. The other compounds used showed either no inhibitory effect (piperine) or slightly increased UGT activity (EGCG and salicylic acid).
SMEDDS
Previous studies have shown that SMEDDS containing Cremophor® EL solubilized curcumin to a greater extent than those formulated with some other surfactants [18, 33, 34] . The SMEDDS used in our studies showed high curcumin and inhibitor (piperine, silibinin, or quercetin) solubility (Table 1) . A concentration of 30 mg/mL was suitable for 100 mg/kg dosing (equivalent to 1 g dose in a human [35] ), making this formulation suitable for human dosing in the future. Dynamic light scattering was used to characterize the nanoemulsion formed by the addition of SMEDDS to water. No significant difference in size was observed between curcumin-loaded and curcumin and inhibitor-loaded formulations. Effect of formulation on curcumin plasma levels Several different formulations were investigated for oral delivery of curcumin. Plasma concentrations observed 1 h post-dose [suggested t max of curcumin [34] ] are shown in Fig. 3 . The SMEDDS containing curcumin alone did not show a significant increase in plasma concentration compared to curcumin suspension or curcumin solubilized in DMSO. All formulations showed significant variability, with some animals having no detectable curcumin in the plasma. The observed variability in plasma levels is likely the result of differences in metabolic enzyme levels between animals, as well as in food consumption and gastric emptying time. Overall, the SMEDDS resulted in much higher plasma concentrations of curcumin glucuronide, which was essentially absent in animals treated with either the suspension or solution formulations (data not shown).
Effect of metabolic inhibitors on curcumin pharmacokinetics
Administration of tangeretin with curcumin in the SMEDDS formulation produced no detectable levels of curcumin in the plasma 1 h after administration (data not shown). However, co-administration of piperine with curcumin using the SMEDDS formulation resulted in higher average C max values than administration of curcumin alone, but was also associated with high variability (Fig. 4) . Piperine was well absorbed from this formulation and resulted in high (~30 μM) plasma concentrations 1 h after dosing. However, piperine treatment appeared to stress the mice, as evidenced by decreased mobility and squinting eyes, almost immediately after dosing. Fig. 4 Addition of quercetin (QUE) or silibinin (SIL) reduces variability and improves curcumin plasma concentrations. Mice were administered orally with SMEDDS containing curcumin (100 mg/kg, n=3) and either piperine (125 mg/kg, n=6), QUE (100 mg/kg, n=3), or SIL (100 mg/kg, n=6). Mice were sacrificed after 1 h, and blood was collected and processed to obtain plasma. Curcumin plasma concentrations were analyzed by HPLC. Data points represent curcumin plasma concentration in individual animals, with lines signifying group mean. *p<0.05 as determined by ANOVA followed by post hoc Newman Keuls testing compared to CUR SMEDDS Although piperine co-delivery resulted in higher curcumin levels in this study, the effect was highly variable (0-2.4 μM curcumin plasma levels), which was deemed unacceptable. Co-administration of either quercetin or silibinin reduced the variability in plasma concentrations of curcumin and increased the average C max of curcumin after oral dosing (Fig. 4) compared to that without the inhibitor. Silibinin showed significantly higher plasma levels 1 h after dosing (p<0.05) and therefore the highest potential to improve curcumin bioavailability. Based on this, a full time-course study was conducted for the curcumin-silibinin combination formulation. As can be seen from Fig. 5a , plasma levels of curcumin were much higher and were still detectable 4 h after dosing of the combination compared to that when curcumin was dosed alone. Silibinin co-administration improved the overall bioavailability of curcumin by~3.5-fold [AUC(0-6 h)=0.2613±0.0368 vs. 0.0808 ± 0.0469 h*μmol/L for curcumin SMEDDS]. Silibinin plasma concentrations peaked at 30 min and remained steady throughout the study (Fig. 5b) . Mice tolerated the curcumin-silibinin combination well, and no overt signs of toxicity were observed in this short-term study.
Discussion
The chemotherapeutic potential of curcumin is well-documented. In various cancer cell lines, curcumin has been shown to inhibit the activation of NF-κB [36] , a pathway critical for tumorigenesis and inflammation [37] . However, many of these effects have been tested at curcumin concentrations ranging from 20 to 100 μM. These concentrations are likely unrealistic and not physiologically relevant, given the poor bioavailability of curcumin. Interestingly, the IC 50 of curcumin has been shown to decrease with the duration of exposure in vitro [38, 39] . A previous study investigating the anti-inflammatory effects of curcumin showed that oral administration of 150 mg of curcumin daily over 8 weeks resulted in a significant decrease in inflammatory cytokine levels in humans [40] . These in vitro and in vivo results suggest that a long-term dosing regimen, resulting in low, steady concentrations of curcumin, could be an effective chemopreventive approach. The overall goal of the current study was to examine an oral dosing strategy to improve curcumin bioavailability.
The low solubility of curcumin (~2 ng/mL in water) combined with its poor absorption through the small intestine [41] results in a significant portion of an oral dose being excreted in the feces [42] . To overcome this problem, we used a SMEDDS capable of solubilizing a large dose of curcumin (Table 1) . SMEDDS formulations have also been shown to improve the absorption of hydrophobic drugs and increase the shelf life of otherwise unstable compounds [20] . SMEDDSs have been used previously for oral dosing of curcumin. For example, Setthacheewakul et al. [34] formulated a SMEDDS, consisting of Cremophor EL, Labrasol, Labrafac PG, and Capryol 90. This formulation showed average plasma concentrations as high as 5 μM in rats,~8-9 times higher than the suspension control. Compared to this previous study, the lower C max observed in our study could be due to the differences in UGT enzyme levels between rodent species [43] . The effectiveness of SMEDDS in other studies was less clear. Cui et al. reported the curcumin concentrations remaining in the gastrointestinal tract, rather than the plasma concentrations [18] . Zhongfa et al. [21] used a curcumin dose of 1.8 g/kg corresponding to a 126 g average human dose. It is not clear whether such high doses can be used in humans. Recently, Zhang et al. successfully fabricated a folate-modified SMEDDS for targeting colon cancer [44] . Since this formulation is intended for colon cancer treatment, no systemic levels of curcumin were reported. Our laboratory recently showed that folate modulated PLGA nanoparticles increase gut absorption in vitro [45] , and thus it is possible that folatemodified SMEDDS could be useful for systemic delivery.
In our studies, solubilizing curcumin in the SMEDDS formulation appeared to improve the absorption of curcumin, as evidenced by higher plasma concentrations of the glucuronide. The lack of significantly higher plasma concentrations of parent drug suggested that inhibition of curcumin metabolism in the gut and during first pass through the liver was probably necessary to improve its oral bioavailability. UGT enzymes account for the majority of curcumin metabolism in the gut and liver. UGT1A1 and 1A3 (liver) as well as UGT1A8 and UGT1A10 (gut) show high activity for curcumin compared to other UGT enzymes [27] , with UGT1A1 showing the highest activity for curcumin of all UGT enzymes tested. Inhibition of UGT activity offered a possible avenue to decrease curcumin clearance, and thereby increase the overall systemic exposure of curcumin.
Previous studies have examined the effects of naturally occurring compounds on UGT activity [23, 24, 46] . As an additional benefit, some of these natural compounds also have complementary anticancer activity [26, 31, 32, 47, 48] . This is especially true for piperine which, when combined with curcumin, affects cellular pathways important for cancer stem cells such as Wnt [28] . In our studies, silibinin, quercetin, and tangeretin decreased curcumin glucuronidation in mouse liver microsomes, while piperine, EGCG, and salicylic acid did not. This was an unexpected finding for piperine, which was previously shown to increase curcumin bioavailability. Because prior reports suggested that piperine is highly effective in improving curcumin bioavailability [22] , we included piperine in our in vivo studies. Addition of piperine to SMEDDS increased curcumin plasma levels but the results were highly variable. Shoba et al. showed a 2,000 % increase in curcumin bioavailability in humans, with a lesser effect in rats [22] . A closer look at the analytical technique used in the study could partly explain the dramatic increase in oral bioavailability observed with piperine. Prior to analysis, plasma samples were heated at 80°C for 30 min, which likely converted curcumin glucuronide back to the parent compound. The paper did not report on the stability of curcumin metabolites during the sample processing and extraction procedure used. Also, piperine has been shown to increase intestinal brush border membrane fluidity, leading to increased absorption of co-delivered molecules [49] . Thus, in addition to potential effects on metabolism, the apparent effects of piperine on curcumin bioavailability could be due to increased gut absorption. Plasma from animals treated with curcumin-piperine combination had high concentrations of curcumin glucuronide, providing further evidence that piperine improved the absorption of curcumin. Although some animals showed high plasma levels of curcumin, piperine was not investigated further because of the high variability and the observed side effects.
Both quercetin and silibinin increased curcumin bioavailability and were associated with reduced variability. Extended pharmacokinetic studies showed a 3.5-fold increase in AUC for curcumin and silibinin SMEDDS compared to SMEDDS with curcumin alone. Silibinin was previously shown to inhibit UGT1A1-mediated glucuronidation of β-estradiol [23] but is not a commonly used natural product for metabolic inhibition. To our knowledge, this is the first study showing an increase in the bioavailability of curcumin using silibinin as an inhibitor. Similar to piperine, silibinin also modulates cellular pathways important for cancer proliferation and invasion. Previous studies demonstrated a decrease in epidermal growth factor receptor (EGFR) activation [50, 51] by silibinin, leading to apoptosis and decreased MAPK activity [52] , a pathway important for tumor cell proliferation. Silibinin has been shown to decrease vascular endothelial growth factor (VEGF) production [53] , leading to decreased angiogenesis in vivo [54] . Additionally, silibinin has been shown to inhibit tumor invasion through upregulation of E-cadherin [55] and decreased MDA-MB-231 migration in vitro [56] . Silibinin has been combined previously with curcumin to effectively induce apoptosis in adult myeloid leukemia cells in vitro through activation of caspase pathways [57] . Pharmacokinetic studies show that the combination SMEDDS improves plasma concentrations of both curcumin and silibinin, and this formulation can, therefore, be expected to have enhanced chemopreventive activity.
Conclusions
Our studies showed that oral bioavailability of curcumin can be increased by formulating curcumin in a soluble form using the SMEDDS and by decreasing its metabolic clearance. Codelivery of silibinin was used as a novel approach to decrease UGT-mediated clearance of curcumin and to improve curcumin bioavailability in vivo. Both curcumin and silibinin have complementary antioxidant, anti-inflammatory, and anticancer activities. Therefore, there is a great potential for this combination formulation to be utilized as an oral dosage form for chemoprevention. Future studies will examine the safety and chemopreventive efficacy of this formulation following chronic dosing.
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